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PmFACE 

This  r e p o r t  summarizes t h e  r e s u l t s  of s t u d i e s  conducted dur ing  

t h e  pe r iod  June 20, 1968 - Ju ly  19,  1969, under NASA r e sea rch  c o n t r a c t  

NAS 8-21432, "Lunar Surface Engineering P r o p e r t i e s  Experiment Defini-  

t i on . "  This s tudy  w a s  sponsored by t h e  Advanced Lunar Missions 

Di rec to ra t e ,  NASA Headquarters,  and w a s  under t h e  t e c h n i c a l  cogni- 

zance of D r .  N .  C, Costes ,  Space Science Laboratory,  George C. Marshall  

Space F l i g h t  Center .  

The r e p o r t  r e f l e c t s  t h e  combined e f f o r t  of four  f a c u l t y  i n v e s t i -  

g a t o r s ,  a r e sea rch  engineer ,  a p r o j e c t  manager, and s i x  graduate  

r e sea rch  a s s i s t a n t s ,  r ep resen t ing  s e v e r a l  engineer ing  and s c i e n t i f i c  

d i s c i p l i n e s  p e r t i n e n t  t o  t h e  s tudy  of l una r  su r face  material p r o p e r t i e s .  

J a m e s  K. Mi t che l l ,  Professor  of C i v i l  Engineering, served a s  P r i n c i p a l  

I n v e s t i g a t o r  and was r e spons ib l e  f o r  those  phases of t h e  work con- 

cerned with problems r e l a t i n g  t o  t h e  engineer ing  p r o p e r i t e s  of l una r  

s o i l s  and luna r  s o i l  mechanics. 

Houston, A s s i s t a n t  Professor  of C i v i l  Engineering, who was concerned 

with problems r e l a t i n g  t o  t h e  engineer ing  p r o p e r t i e s  of l una r  s o i l s ;  

Richard E. Goodman, Associate  Professor  of Geological Engineering, 

who w a s  concerned wi th  t h e  engineer ing  geology and rock mechanics 

a s p e c t s  of t h e  luna r  su r face ;  and Paul A. Witherspoon, Professor  of 

Geological Engineering, who conducted s t u d i e s  r e l a t e d  t o  thermal 

and permeabi l i ty  measurements on t h e  luna r  su r face .  D r .  K a r e l  Drozd, 

A s s i s t a n t  Research Engineer, performed l abora to ry  tests and ana lyses  

p e r t i n e n t  t o  t h e  development of a borehole  probe f o r  determinat ion 

of t h e  i n - s i t u  c h a r a c t e r i s t i c s  of l una r  s o i l s  and rocks.  John 

Hovland, David Katz, La i th  I. Namiq, James B. Thompson, Tran K. Van, 

and Ted S o  Vinson served a s  Graduate Research A s s i s t a n t s  and c a r r i e d  

o u t  many of t h e  s t u d i e s  lead ing  t o  t h e  r e s u l t s  presented  i n  t h i s  

r e p o r t .  Francois  Heuzg, A s s i s t a n t  S p e c i a l i s t ,  served a s  p r o j e c t  

manager and con t r ibu ted  t o  s t u d i e s  concerned with luna r  rock mechanics, 

Co- inves t iga tors  w e r e  William N. 

i v  



Ultimate objectives of this project are: 

Assessment of lunar soil and rock property data using 

information obtained from Lunar Orbiter and Surveyor 

missions. 

Recommendation of both simple and sophisticated in-situ 

testing techniques that would allow determination of 

engineering properties of lunar surface materials. 

Determination of the influence of variations in lunar 

surface conditions on the performance parameters of a 

lunar roving vehicle. 

Development of simple means for determining the fluid 

and thermal conductivity properties of lunar surface 

materials. 

5) Development of stabilization techniques for use in loose, 

unconsolidated lunar surface materials to improve the 

performance of such materials in lunar engineering 

application. 

The scope of specific studies conducted in satisfaction of these 

objectives is indicated by the following list of contents from the 

Detailed Final Report which is presented in four volumes. The names 

of the investigators associated with each phase of the work are 

indicated. 

VOLUME! I 

MECHANICS AND STABILIZATION OF LUNAR SOILS 

1. Lunar Soil Simulation 
(W. N. Houston, L. I. Namiq, and J. K. Mitchell) 

2. Lunar Surface Trafficability Studies 
(J. B. Thompson and J, K. Mitchell) 

3. Foamed Plastic Chemical Systems for Lunar Soil Stabilization 
Applications 
(T. S. Vinson and J. K. Mitchell) 

V 



VOLUME I1 

LUNAR SOIL PROPERTIES FROM PHOTOGRAPHIC RECORDS 

1. S o i l  Proper ty  Evaluations From Boulder Tracks on t h e  Lunar 
Surf ace  
(H. J. Hovland and J. K. Mitche l l )  

2. Deduction of Lunar Surface Material S t rength  Parameters from 
Lunar Slope F a i l u r e s  Caused by Impact Events - F e a s i b i l i t y  
Study 
(T. S. Vinson and J. K. Mitchel l )  

VOLUME I11 

BOREHOLE PROBES 

1. The Mechanism of F a i l u r e  i n  a Borehole i n  S o i l s  or  Rocks 
by Jack P l a t e  Loading 
(T. K. Van and R. E. Goodman)  

2. Experimental Work Related t o  Borehole Jack Probe and Tes t ing  
(K. Drozd and R. E. Goodman) 

3 .  Borehole Jack Tests i n  J o i n t e d  Rock - J o i n t  Pe r tu rba t ion  and 
N o  Tension F i n i t e  E l e m e n t  So lu t ion  
(F. E. Heuz;, R. E. Goodman, and A, Bornstein)  

VOLUME I V  

FLUID CONDUCTIVITY OF LUNAR SURFACE MATERIALS 

1. S tud ie s  on F l u i d  Conduct ivi ty  of Lunar Surface Materials 
(D. F. Katz, P. A. Witherspoon, and D.  R. W i l l i s )  

v i  
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LUNAR SOIL SIMULATION 

1. 

composition, g rada t ion ,  dens i ty ,  and shea r  s t r e n g t h  parameters are 

s u f f i c i e n t l y  c lose  t o  those  va lues  es t imated  f o r  a c t u a l  l u n a r  s o i l  

t o  a l low meaningful c o r r e l a t i o n s .  Figure 1 presen t s  the  g rada t ion  

curve f o r  t he  b a s i c  test s o i l  used i n  t h e  s imula t ion  s t u d i e s ,  and 

Table 1 summarizes t h e  mechanical p r o p e r t i e s  of t he  luna r  s o i l  

s imul an t . * 
2. A combination of t h e o r e t i c a l  and experimental  ana lyses  were 

used t o  develop probable  c o r r e l a t i o n s  between average s o i l  dens i ty  

and s o i l  behavior  on the  l u n a r  s u r f a c e .  Most p r o p e r t i e s  appear  t o  

be a s e n s i t i v e  func t ion  of s o i l  dens i ty .  Therefore ,  i f  t h e  average 

s o i l  dens i ty  can be determined, most a l l  o the r  p r o p e r t i e s  of i n t e r e s t  

can be  es t imated .  

3.  Resu l t s  of t h e  luna r  s o i l  s imu la t ion  s t u d i e s  i n d i c a t e  t h a t  t h e  

It has  been p o s s i b l e  t o  prepare  a l u n a r  s o i l  s imulant  whose 

average dens i ty  f o r  the  top  40 cm of l una r  s o i l  may be s l i g h t l y  h ighe r  

than the  va lue  1 -50  g/cm3 suggested i n  t h e  F i n a l  Surveyor Report. 

I n  a d d i t i o n ,  cons ide ra t ion  of probable  v a r i a t i o n s  i n  degree of i n i t i a l  

d e n s i f i c a t i o n  due t o  v i b r a t i o n  on the  luna r  s u r f a c e  has  l e d  t o  t h e  

conclusion t h a t  t h e  luna r  s o i l  dens i ty  probably varies somewhat from 

one l o c a t i o n  t o  another .  On t h i s  b a s i s  an es t imated  range of 1.55 

t o  1 .65 g/cm3 f o r  t he  average dens i ty  of t he  top 40 cm w a s  e s t a b l i s h e d  

4 .  The es t imated  range i n  depth of a s t r o n a u t  f o o t p r i n t s  (with 

con tac t  stress = 1.1 p s i )  on the  luna r  s u r f a c e  i s  1.0 i n .  t o  2.1 i n .  

f o r  a corresponding range i n  s o i l  dens i ty  of 1.65 g/cm3 t o  1.55 g/cm 

assuming a compressible s o i l  l a y e r  t o  a depth of 40 an. This  i s  

shown i n  F igure  2. Astronaut f o o t p r i n t s  during Apollo 1 1 w e r e  from 

a f r a c t i o n  of an inch  t o  a maximum of about 6 inches deep. 

3 

*Preliminary a n a l y s i s  of Apollo 11 s o i l  mechanics d a t a  sugges t  good 
agreement between a c t u a l  l una r  s o i l  p r o p e r t i e s  and p r o p e r t i e s  of t h e  
s imulant  . 
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TABLE 1 

PROPERTIES OF LUNAR SOIL SIMULANT 

Bulk Densi ty  

Angle of I n t e r n a l  F r i c t i o n  

Cohesion 

Permeabi l i ty  

Compress i b  i li t y  

1.5 t o  2.0 gm/cm3 depending on 
method of placement and stress 
h i s  t o ry .  

30' a t  l o w  dens i ty  t o  46 0 a t  high 

d e n s i t y  i n  t r i a x i a x i a l  compression. 
P l a i n  s t r a i n  va lues  about 10 per- 
cen t  h igher .  

0.01 t o  0.15 p s i  depending on den- 
s i t y  and moisture  conten t .  

7 x 

21  x 

3 cm/sec a t  p = 1.8 gm/cm 
3 cm/sec at p = 1.5 p / c m  

p = K + K2 loglo 0 1 
0 = compressive stress 
K1, K = f (placement dens i ty )  

2 
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5. A s  i nd ica t ed  i n  Figure 3, t h e  est imated range i n  Cone Index G r a -  

d i e n t  G ,  

ponding range i n  average s o i l  dens i ty  of 1.50 gm/cm 

T e s t  d a t a  show t h a t  pene t r a t ion  r e s i s t a n c e  i s  inf luenced  by both t h e  

type of penetrometer used and t h e  pos i t i on ing  of t h e  penetrometer w i th  

r e s p e c t  t o  the  f e e t  of t h e  man performing t h e  test. The es t imated  G 

va lues  given above are a p p l i c a b l e  t o  the  WES 30-degree cone penetro- 

meter placed 2 i n .  i n  f r o n t  of t h e  toes  with 6 i n .  clear space  between 

the  f e e t .  I f  a f la t -ended rod penetrometer of about 1 i n .  diameter 

w e r e  used, i t  i s  expected t h a t  t h e  G va lues  would be  about 50 percent  

h igher .  I f  t h e  penetrometer were placed e n t i r e l y  ou t s ide  t h e  in f luence  

of t h e  man's f e e t ,  i t  i s  expected t h a t  the  G va lues  would be  about 40 

percent  lower. 

6 .  Experience obtained wi th  t h e  luna r  s o i l  s imulant  i n d i c a t e s  t h a t  

in-place dens i ty  measurements on the  luna r  s u r f a c e  may be very  d i f f i c u l t .  

Success during a t tempts  t o  remove a "cake-like' '  b lock of t h e  lunar  s o i l  

s imulant  by excavat ing around i t  w a s  only marginal .  

3 f o r  t he  luna r  s u r f a c e  i s  1.21b/ in3 t o  4 .0 lb / in  f o r  a cor res -  
3 3 t o  1 .75 gm/cm 



G E OT ECH N ICA L EN G INE ER I N G 
UNIVERSITY OF CALIFORNIA 

F IGURE I GRADATION C U R V E  FOR BASIC TEST SOIL. 
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LUNAR SURFACE TUFFICABILITY STUDIES 

1. If the  Bekker "Soi l  Value System" equat ions  can be  assumed t o  

g i v e  a reasonable  measure of t h e  performance c h a r a c t e r i s t i c s  

of a l u n a r  roving v e h i c l e ,  then  a n a l y s i s  based on reasonable  

assumptions f o r  wheel dimensions, wheel l oads ,  and s o i l  pro- 

p e r t i e s  shows t h a t :  

A. Thrust  i nc reases  w i t h  s l i p  up t o  va lues  of about  30% s l i p .  

Fur ther  i nc rease  i n  s l i p  does n o t  l e a d  t o  s i g n i f i c a n t  in -  

creases i n  t h r u s t  , bu t  may r e s u l t  i n  wasted propuls ion  

energy. 

B .  The va lue  of the  s o i l  s inkage  cons t an t ,  n ,  has  r e l a t i v e l y  

l i t t l e  e f f e c t  on motion resistance. 

+ k2, has C. The va lue  of the  s o i l  s inkage  cons t an t ,  k = - kl 
b 

l i t t l e  e f f e c t  on motion resistance. Unfortunately,  t he  

form of the  pressure-s inkage r e l a t i o n s h i p  developed on 

the b a s i s  of t h i s  parameter i s  n o t  r e a l i s t i c .  

D.  Va r i a t ions  of s o i l  cohesion and f r i c t i o n  over  ranges con- 

s ide red  t o  be reasonable  f o r  l u n a r  s o i l s ;  i . e . ,  0.05 < c 

< 0.20 p s i  and 33' < 4 < 41", may l e a d  t o  v a r i a t i o n s  i n  

p red ic t ed  t h r u s t  of up t o  535% from t h e  va lues  c a l c u l a t e d  

f o r  c = 0.10 p s i  and 4 = 35" .  Thus accu ra t e  knowledge of 

l una r  s t r e n g t h  w i l l  be  important  i f  p r e c i s e  p r e d i c t i o n s  

of performance, f u e l  consumption, e t c .  are t o  be made. 

E. According t o  the "So i l  Value System" t h e  maximum s l o p e  

t h a t  a v e h i c l e  can climb i s  given by t h e  Drawbar P u l l  t o  

Weight r a t i o .  On t h i s  b a s i s  wheel loads  should be mini- 

mized i f  s l o p e  climbing a b i l i t y  i s  t o  be  maximized. Un- 

f o r t u n a t e l y  the  p r e d i c t i o n  of t h e  s lope  climbing a b i l i t y  

must a l s o  take  i n t o  account s l i p  s inkage  and gross  s o i l  

f a i l u r e .  Furthermore t h e  s u i t a b i l i t y  of the  "Soi l  Value 

Sys t e m "  equa t ions  f o r  t h r u s t  and motion r e s i s t a n c e  when 

app l i ed  t o  wheels on s l o p e s  has  y e t  t o  be  demonstrated. 

Thus, the  ques t ions  of v e h i c l e  s l o p e  climbing a b i l i t y  

and s t a b i l i t y  of v e h i c l e s  on s l o p e s  remain l a r g e l y  un- 

answered o 
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F. The "So i l  Value System" p r e d i c t s  t h a t  performance para- 

meters should improve wi th  inc reas ing  wheel width and 

diameter  and inc reas ing  wheel-soi l  contac t  length .  

C lea r ly ,  however, t he re  are o t h e r  f a c t o r s  which w i l l  

l i m i t  the  s i z e  and deformabi l i ty  of the  wheels t h a t  are 

used. 

2. I n  s p i t e  of t he  l i m i t a t i o n s  of t he  "Soi l  Value System" method 

of a n a l y s i s ,  a comparison between p red ic t ed  behavior  and t h a t  

exh ib i t ed  by the  w i r e  mesh and metal-elastic wheels t e s t e d  by 

AC Elec t ron ic s  (1967) w a s  reasonably good, p a r t i c u l a r l y  a t  low 

wheel loads .  The metal wheels gave a performance in te rmedia te  

between t h a t  t o  be expected f o r  a r i g i d  wheel and a t r ack .  

3 .  Proper s o l u t i o n  of t he  l u n a r  s o i l  t r a f f i c a b i l i t y  problem w i l l  

depend u l t ima te ly  on the  s o l u t i o n  of the  b a s i c  wheel-soi l  i n t e r -  

a c t i o n  problem. An approach t o  t h i s  problem has been suggested 

i n  the  De ta i l ed  F i n a l  Report which i s  based on cons idera t ion  of 

the stresses and deformations i n  the  s o i l  and wheel and t h e i r  

mutual compatabi l i ty .  Such a method w i l l  r e q u i r e  d e t a i l e d  

knowledge of t h e  s o i l  and wheel load-deformation cha rac t e r i s -  

t i c s ,  and w i l l  probably r e q u i r e  t h e  use of i t e r a t i v e  computa- 

t i o n a l  methods 

4 .  The s t a b i l i t y  of veh ic l e s  on s lopes  remains l a r g e l y  unknown. 
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FOAMED PLASTIC CHEMICAL SYSTEMS 
FOR LUNAR SOIL STABILIZATION APPLICATIONS 

Improvement of t h e  engineer ing p r o p e r i t e s  of l una r  s o i l  and 

f r a c t u r e d  rock zones, i . e .  s t a b i l i z a t i o n ,  may be d e s i r a b l e  i f  n o t  

necessary  i n  connection w i t h  exp lo ra t ion  and f u t u r e  cons t ruc t ion  on 

the  moon. P o t e n t i a l  a p p l i c a t i o n s  of s u i t a b l e  s o i l  and rock s t a b i l i z a -  

t i o n  techniques inc lude  t h e  fol lowing : 

1. Seal ing  of f i s s u r e s  and voids  i n  otherwise i n t a c t  s o i l  

and rock masses t o  enable  u t i l i z a t i o n  of l u n a r  cavi t ies  

as s h e l t e r s ,  s t o r a g e  chambers, waste d i sposa l  chambers 

e tc .  

2.  Mixing of s t a b i l i z i n g  agents  wi th  l u n a r  s o i l  o r  f ragmental  

l u n a r  rock f o r  u t i l i z a t i o n  as a cons t ruc t ion  material i n  

i n s u l a t i o n ,  s h i e l d i n g  o r  launching f a c i l i t i e s  . 
3 .  P r o t e c t i o n  and p rese rva t ion  of t he  s t r u c t u r e  of l u n a r  

s u r f  ace material samples f o r  ear th- re turn .  

Relative t o  l u n a r  payload l i m i t a t i o n s  foamed p l a s t i c s  r ep resen t  

perhaps t h e  b e s t  type  of s t a b i l i z i n g  agent  because of t h e i r  very low 

dens i ty .  I n  t h i s  r e sea rch  program a t t e n t i o n  has  been d i r e c t e d  toward 

the  use  of ure thane  foamed p l a s t i c  as a luna r  s t a b i l i z i n g  agent .  

I n j e c t i o n  of c lean  Monterey Sand cy l inde r s  wi th  fou r  d i f f e r e n t  

ure thane  chemical systems ind ica t ed :  (1) t h e  p l a s t i c  could be  made 

t o  foam i n  t h e  voids  of a s o i l  m a s s ,  ( 2 )  s o i l  cy l inde r s  s t a b i l i z e d  

wi th  ure thane  foamed p l a s t i c  have a r e l a t i v e l y  high unconfined com- 

p r e s s i v e  s t r e n g t h ,  ( 3 )  s o i l  cy l inde r s  s t a b i l i z e d  wi th  ure thane  foamed 

p l a s t i c  can apparent ly  be made impermeable. These r e s u l t s  are given 

i n  Table 2 .  

A ure thane  foamed p l a s t i c  chemical system has  been developed f o r  

use i n  vacuo and t h e  next  phase of t h e  p r o j e c t  w i l l  b e  t o  a t tempt  

s o i l  i n j e c t i o n  i n  vacuo. 
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TABLE 2 

RESULTS OF STRENGTH AND PERMEABILITY TESTS 

ON STABILIZED MONTEREY SAND SOIL CYLINDERS 

T e s t  
No e Chemical System 

Unconfined 
Compressive cm/sec 

S t rength ,  p s i  

Permeabi l i ty  

53.7% T D I  
46.3% t r i e t h y l e n e  g lyco l  

0.5% (of t o t a l  weight) d iace tone  a lcohol  
0.5% (of to ta l  weight) MIBK 

371 0.5% (of t o t a l  weight) L-531 5.10 x 

as i n  371 
+ 0.1  (of t o t a l  weight) c a t a l y s t  37G1 

- 

1.28 x 

as i n  371 
+ 0.1 (of t o t a l  weight) c a t a l y s t  37G2 

as i n  371 
+ 0.2 (of t o t a l  weight) c a t a l y s t  37M1 0.85 x 

as i n  371 
+ 0.2 (of t o t a l  weight) c a t a l y s t  37M2 2.96 x 1.0'~ 

37R1 1960 

3741 a s  37G1 o r  37G2 3460 

37P1 as 37M1 or  37M2 3700 

60.5% T D I  

18.6% TMP 
39F1 20.7% t r i e t h y l e n e  g lycol  1080 

53.7% TDI 
46.3% t r i e t h y l e n e  g lycol  
1.5% (of t o t a l  weight) polyethylene 

g lycol  (MW=400) 
3.0% (of t o t a l  weight) ad ip i c  a c i d  
0.5% (of t o t a l  weight) d iace tone  a lcohol  
5% (of t o t a l  weight) c a s t o r  o i l  
1% (of t o t a l  weight) L-351 

5240 44G1 

44H1 as 44G1 5265 

44J1 as 44G1 5190 

44J2 a s  44G1 2.77 x 
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Test  
N o  e 

Chemical System 
Unconfined 
Compressive Permeabi l i ty  

S t rength ,  p s i  cm/sec 

57.8% T D I  
24.9% t r i e t h y l e n e  g lyco l  
17.3% 1 , 5  pentanedio l  

0.8% (of t o t a l  weight) a d i p i c  a c i d  
3.0% (of t o t a l  weight) d iace tone  a lcohol  
1.0% (of t o t a l  weight) L-531 

48A1 10.0% (of t o t a l  weight) c a s t o r  o i l  5140 

48B1 as 48A1 4780 

48D1 as 48A1 4540 

48D2 as 48A1 Impermeable 
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S O I L  PROPERTY JWALUATIONS FROM BOULDER 

TRACKS ON THE LUNAR SURFACE 

Lunar boulder t r a c k  from 19 d i f f e r e n t  l o c a t i o n s  on t h e  moon 

were u t i l i z e d  t o  s tudy  luna r  s o i l  p r o p e r t i e s .  A t o t a l  of 69 boulder  

t r a c k s  have been analyzed. This i s  be l ieved  t o  be a s u f f i c i e n t  

number t o  form a pre l iminary  b a s i s  f o r  c e r t a i n  in fe rences  and 

conclusions.  

1. Boulder t r a c k  a n a l y s i s  appears  t o  be a promising remote 

reconnaissance technique f o r  s tudy of s o i l  condi t ions .  

2.  Lunar s o i l  and rock p r o p e r t i e s  (cohesion, dens i ty ,  and 

f r i c t i o n  angle)  are poss ib ly  more v a r i a b l e  than a n t i c i p a t e d  

from previous i n v e s t i g a t i o n s .  

3. For t h e  condi t ions  assumed, most of t he  r e s u l t s  cen tered  

around a f r i c t i o n  angle  of 32 degrees ,  with a range of 18 

t o  43 degrees  wi th  t h e  major i ty  of va lues  between 26  and 

39 degrees .  



Location 

Mare Tranquillitatis 
(Approx. 100 Km 
from Apollo Site 1) 

Sabine D 
(Approx. 30 km 
from Surveyor 5 and 
Apollo Site 2) 

Sinus Medii 
(Approx. 20 Km 
from Surveyor 6 
and Apollo Site 3) 

Sinus Medii 
(Approx, 20 Km 
from Surveyor 6 
and Apollo Site 3) 

TABLE 3A 

Results of Boulder Track Analysis, Orbiter I1 Photographs 

Frame 

11-27H 

II-76H* 

11-122H 

11-123H 

Frame let 
(boulder 
location) 

921 

364 

464 

594 + 15mm 
28mm 

36.54 

23.68 

-1.32 

-1.89 

3.56 

1.20 

0.32 

0.29 

6.0 

6.4 

6.3 

5.4 

z 
W 
- 

__s 

0.50 

0.23 

0.50 

0.35 

__. 

(PSf) 

740 

1970 

770 

850 

Bearing 
capacity 

3.55 

9.47 

3.70 

4.09 

Note: 

* Slope angle primarily based on slope determined by photogrammetry. 

To express bearing capacities in Newton's per square centimeter, multiply the value in dynes/cm2 by 

P 
w 



TABLE 3B 

Resu l t s  of Boulder Track Ana lys i s ,  O r b i t e r  I11 Photographs 

Locat ion 

Mare F e c u n d i t a t i s  
(Approx, 150 Km 

WNW of Messier A) 

N E MEsting 

Rima Hipparchus 

Reinhold 
(Approx. 30Km 
E. of Reinhold K) 

Oceanus Procel larum 
(Approx. 40 Km 
from Surveyor 1) 

Oceanus Procel larum 
(Approx. 40 Km 
f r o m  Surveyor 1) 

Frame 

111-35H 

111-107H 

1 1 1 - 1 1 1 H  

111-12 5 H  

1 1 1 - 1 8 1 H  

111-1 89H 

Framelet  
(boulder l o c a t i o n )  

396 + 4 mm, 258mm 

868 + l m m ,  21mm 

364 + l m m ,  286mm 
373 + 13mm, 392mm 

204 + 1.5mm, 69mm 
204 + 3mm, 75mm 
204 + 5mm, 76mm 
205 + 13mm, 53mm 
206 + 15mm, 64mm 

567 + 7mm, 284mm 

615 + lmm, 77mm 
617 + 7mm, 91mm 

42.81 

-5.67 

4.83 

-20 04 

-43.54 

-44.17 

-1 e 05 

-0.33 

-4.92 

-0.60 

-2 e 11 

-2 a 41 

5.0 

3.6 

5.2 
6.0 

2.3 
2.5 
2.5 
2.7 
4 .1  

3.2 

2.9 
6.2 

_I_ 

- 
n 

3 
v 

G G  

%' 

aa, 
-4 c, sa,  E 

Id 
Ll 
E-l 

s__ 

4.6 

2.8 

5.2 
4.9 

1.6 
2.5 
1 .9  
2.1 
3.7 

2.2 

2.4 
5.1 

_1_1 

n- 
t 3 m  
'a, 

a, 
a , &  

11111 

25 

10 

30 
10 

15 
1 5  
1 5  
1 5  
20 

10 

5 
5 

P 

Z 
w 
- 

P 

0.35 

0.23 

0.50 
0.26 

0.21 
0.50 
0.23 
0.23 
0.31 

0.21 

0.27 
0.28 

II____ 

Bearing 
capac i ty  

(gm) 

PSf 

725 

725 

640 
1100 

580 
310 
530 
550 
610 

8 30 

52 0 
11 30 

_I___ 

dynes x io5 
c m 2  

3.48 

3.48 

3.07 
5-28  

2.78 
1.49 
2.54 
2.64 
2.93 

3.98 

2.50 
5.41 

4 

( " 1  

27.5 

30 

22.5 
27 

33 
20 
31 
31 
28 

32 

26 
26 

___..I 



Central moptains 
of Petavius 
(rille) 

Mare Tranquillitatis 
(Approx. 40 Km 
west of Censorinus) 

Large hill south of 
Alexander 

S. E. part of 
Hyginus 

Frame 

V- 34H 

V-63H 

V-88H** 

V-95H* 

TABLE 3C 

Results of Boulder Track Analysis, Orbiter V Photographs 

Framelet 
(boulder location) 

880 + 12mm, 176mm 
891 + 6mm, 146m 

738 + 14m, 147m 
738 + 16m, 147mm 

011 + 8.5mm, 230mm 

942 + l8m, 365m 
957 + 11.5mm, 164m 
959 + 12.5m, 161mm 
962 + 3mm, 167m 
965 + llmm, 239mm 
968 + 13mm, 253mm 
970 + 7 m ,  246mm 
978 + 13m, 252mm 
960 + 9mm, 146mm 

60.57 

32.75 

13.54 

5.94 

-25.70 

-0.44 

38.92 

7-56 

23.3 
19.0 

7.35 
8.2 

19.5 

13.1 
8.9 
9.5 
8.6 
10.0 
11.2 
14.4 
6.0 
4.9 

CI 

3 
v 

5.;; 
3 %  r.5 
E 

a h  
-4 e, 

k 

13.7 
13.7 

4.8 
6.0 

10.6 

8.8 
6.2 
5.6 
4.6 
5.7 
4.2 
9.2 
4.8 
4.9 

-- 
5 ;  

% P  
G ?  

e, 
a l k  

- 
20 
20 

0 
0 

20 

30 
15 
15 
15 
15 
20 
20 
15 
30 
- 

z 
W 
- 

0.16 
0.21 

0.18 
0.23 

0.15 

0.19 
0.20 
0.17 
0.15 
0.16 
0.11 
0.18 
0.25 
0.50 

Bearing 
capacity 

PSf 

8400 
4500 

2110 
1910 

8150 

3600 
2270 
3360 
3690 
3800 
9760 
4350 
1160 
600 

**Photogrammetrically determined slope is about 30°: 20' slope is primarily based on shadow technique. 

x io5 lynes 
cm2 

40.40 
21.60 

10.10 
9.17 

39 20 

17.30 
10 0 90 
16.10 
17.70 
18.30 
47.00 
20.90 
5.58 
2.88 

."I  

38 
34 

32 
29 

42 

41 
34 
38 
40 
38 
47 
38 
30 
22 
- 

P 
Ln 



TABLE 3c (contd) 

Locat ion 

N E part  of Hyginus 

N E par t  of Hyginus 

Hadley R i l l e  

R i m a  Bode 

Copernicus ( c e n t e r )  

Frame 

V-96H" 

V-97H 

V-105H" 

V-122H 

V-151H 

Framelet  
(boulder  l o c a t i o n )  

092 + .lm, 46mm 

175 t l l m m ,  268mm 
175 + 13mm, 275mm 
178 + lorn, 2 2 4 m  
178 + 14mm, 2 2 2 m  
180 + 5mm, 230mm 
180 + 4mm, 2 2 9 m  
180 + l m m ,  235mm 

233 + 8mm, 2 3 2 m  
233 + l l m m ,  234mm 
234 + 8mm, 235mm 

475 + 9mm, 121mm 

280 + 1 7 m ,  184mm 
315 + l l m m ,  282mm 

5-96 

5.98 

2.95 

-3.97 

-20 D 34 

7.85 

8.14 

25.00 

12 (I 92 

9.42 

n a 
v 

E -  arn 
-4 !4 aa, 

4J 
!Ha ,  

1 
0 a 

15.9 

11.0 
7.6 
7.1 
7.1 
6.2 
7.6 
7.1 

14.9 
13.5 
13.2 

12.2 

9.1 
12.2 

10.6 

5.7 
4.3 
4.3 
4.0 
4.3 
4.8 
5.2 

9.6 
8 .9  
8.6 

9.0 

6.6 
5.5 

3: 

;z! 
Q) 

Q l b l  
Q l t r  
D a ,  

10 

1 5  
25 
10 
10 
1 5  
1 5  
1 5  

25 
1 5  

5 

1 5  

10  
5 

z 
W 
- 

0.19 

0.14 
0.15 
0.17 
0.16 
0.20 
0.17 
0.21 

0.19 
0.19 
0.19 

0-22 

0.21 
0.12 

Bearing 
c a p a c i t y  

PSf 

4410 

5040 
2900 
2370 
2760 
1580 
2340 
1620 

4400 
3820 
3830 

2770 

2130 
7350 

x 10: dynes 
cm2 

21*20 

24.30 
14 e 00 
11.40 
13.30 

7.60 
11 a 30 

7.80 

21.20 
18.40 
18.50 

13.40 

10.30 
35.40 

4 

34 

40 
4 1  
36 
36 
34 

33 

39 
35 
33 

32 

32 
40 

36 



Location 

Copernicus 
(NW of cen te r )  

Copernicus 
(NW of cen te r )  

Center  of V i t e l l o  

North r i m  
of Gassendi 

Frame 

V-155H 

V-156H 

V-168H 

V-179H 

TABLE 3C (contd) 

Frame 1 e t  
(boulder l oca t ion )  

845 + 14mm, 340mm 

962 + 8mm, 135mm 

518 + 9mm, 188m 
519 + lmm,  185mm 
520 + 2mm, 184mm 
520 + 9mm, 188mm 

972 + 7mm, 250mm 
972 + 1 5 m r  333. .Am 
972 + 15.2m,  338mm 
005 + 15mm, 244mm 
973 + l o r n ,  345mm 
973 + 3mm, 285mm 
977 + lOmm, 340mm 
977 + 17mm, 325mm 
977 + 17mm, 305mm 
979 + 6mm, 352mm 

a,- a m  
? a J  
-Pa, 
-4 !=I 
D D  
d a J  
32 

-20.24 

-20.21 

-37.57 

-39 * 97 

10.58 

10.87 

-30.61 

-16 e 29 

10.6 

11.9 

19.2 
11.4 

8.0 
11.9 

8.6 
5.6 
5.4 

16.4 
9.4 
6.8 

16.0 
7.0 
5.6 
7.5 

4.8 

10.7 

19.2 
5.4 
4.8 
7.9 

5.5 
5 - 3  
4.7 

14 .1  
6.0 
6.0 

14.0 
6.1 
5.0 
4.8 

- n  s ;  

% P  ;z 
a, 

a J k  

0 

10 

15  
10 
15  
15  

15 
15  
15  
15  
10 
20 
15  
20 
25 
10  

z 
W 
- 

0.12 

0.32 

0.50 
0.12 
0.17 
0.19 

0.18 
0.35 
0.31 
0.29 
0.18 
0.29 
0.30 
0.28 
0.31 
0.19 

I_. 

Bearing 
Capaci ty  

6300 

1800 

2 360 
6200 
2730 
3310 

2580 
765 
880 

2720 
2830 
1080 
2570 
1140 

860 
2250 

d nes  
cm2 
y x 10 ;  

30 e 40 

8.68 

11.40 
29 e 90 
13,20 
16.00 

1 2  45 
3-69 
4.25 

13  10 
13.70 

5.20 
1 2  40 

5.50 
4.15 

10 e 90 

4 

( "1  

39 

27 

2 1  
4 1  
37 
35 

34 
25 
27 
29 
34 
30 
29 
30 
30 
34 

- 
P 
U 



TABLE 3C (contd) 

Location 

Schrgterts Valley 

Schrgter's Valley 

Oceanus Procellarum 
(Approx. 130 Km 

NW of Marius) 

Frame 

V-203H 

V-20 3H* 

V-213H 

Frame let 
(boulder location) 

111 + 7mm, 246mm 
111 + 7mm, 246mm 

227 + 8mm, 41mm 
221 + 18mm, 161mm 
210 + 15mm, 242mm 
210 + 14mm, 177mm 
202 + 7 m ,  253mm 

417 + 7mm, 294mm 
431 + lorn, 29Omm 

-49 0 51 

-49.48 

-56.03 

25 e 13 

25.52 

13.50 

h a 

E -  

v 

arn 
-rl M 

M a ,  

rl 
9 

a $  
3.5 

8 

7.4 
7.4 

9.4 
12.6 
12.6 
10.5 
19.4 

7.4 
6.4 

5.4 
5.4 

6e2 
6-5 
7.2 
5.5 
12.3 

4.3 
3.3 

h h  

brn - a  a 
a , &  
? I F  
$ 2  

10 
20 

15 
5 
15 
25 
20 

20 
15 

z 
W 
- 

0.22 
0.22 

0.19 
0.14 
0.16 
0.14 
0.18 

0.16 
0.14 

-.1111 

Bearing 
Capacity 

PSf 

1700 
1700 

2640 
5800 
4750 
4670 
5930 

2710 
2940 

_I_ 

x io5 dynes 
crn2 

8.20 
8.20 

12.70 
28 a 00 
22 * 90 
22 50 
28.60 

13 e 10 
14.20 

@ 

("1 

31 
35 

35 
38 
39 
44 
38 

40 
41 

II 
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DEDUCTION OF LUNAR SURFACE MATERIAL STRENGTH PARAMETERS 
FROM LUNAR SLOPE FAILURES CAUSED BY IMPACT EVENTS - FEASIBILITY STUDY 

Lun : O r b i t e r  photographs provide evidence of s l o p e  f a i l u r e s  on 

the  moon. 

might account f o r  l u n a r  s l o p e  f a i l u r e s  and t h e  f e a s i b i l i t y  of estima- 

t i o n  of l una r  s u r f a c e  material s t r e n g t h  parameters from observed s l o p e  

f a i l u r e s  has  been undertaken. S p e c i f i c a l l y  a t t e n t i o n  was d i r e c t e d  

a t  t h e  in f luence  of ground a c c e l e r a t i o n s ,  generated by impact events ,  on 

nearby s lopes  e 

I n  t h e  p re sen t  s tudy t h e  e x t e n t  t o  which dynamic loadings  

In the  method employed i n  t h i s  s tudy  t o  p r e d i c t  t he  response 

of a s l o p e  an analogy w a s  drawn between craters formed by shal low 

nuc lea r  explos ive  events  and impact craters. Using empi r i ca l  obser- 

v a t i o n s  and record ings  of ground response f o r  nuc lea r  c r a t e r i n g  

events  t h e  response of a l u n a r  s l o p e  t o  an impact event  w a s  de te r -  

mined. Necessar i ly ,  many assumptions were requi red .  Knowing t h e  

ground response t o  a n  impact event ,  an  upper o r  lower bound on t h e  

material s t r e n g t h  could be  determined depending on whether o r  n o t  a 

nearby s lope  has  f a i l e d  o r  is  s t a b l e .  

equa t ion  express ing  t h e  "y ie ld  acce le ra t ion , "  i .e.  t h e  a c c e l e r a t i o n  

at  which s l i d i n g  w i l l  begin t o  develop under a dynamic load ,  as a 
func t ion  of t h e  ang le  of i n t e r n a l  f r i c t i o n  of t h e  material, t he  i n i -  

t i a l  s l o p e  i n c l i n a t i o n ,  and a co r rec t ion  f a c t o r  t o  account f o r  apparent  

cohesion. It  i s  f e l t  t h a t  wi th  t h i s  gene ra l  approach erroneous con- 

c lus ions  may be reached,  and t h a t  t h e  assumptions r equ i r ed  are s o  

g r e a t  as t o  produce r e s u l t s  wi th  an extremely low confidence level. 

I n  a d d i t i o n ,  i t  i s  f e l t  t h a t  few of t h e  O r b i t e r  photographs al low 

p o s i t i v e  i d e n t i f i c a t i o n  of l una r  s l o p e  f a i l u r e s .  

w i th  proper  judgement, a reasonable  assessment of v a r i a t i o n s  i n  lunar 

s lopes  t h a t  i n d i c a t e  probable  s l o p e  f a i l u r e s .  It i s  concluded, there-  

f o r e ,  t h a t  a n a l y s i s  of l u n a r  s l o p e s  us ing  dynamic cons idera t ions  and 

O r b i t e r  photographs i s  n o t  a t  the  p re sen t  t i m e  a p a r t i c u l a r l y  f r u i t -  

f u l  approach f o r  t h e  q u a n t i t a t i v e  de te rmina t ion  of l una r  s o i l  s t r e n g t h  

parameters.  

This w a s  poss ib l e  us ing  an 

They can provide,  
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STUDIES ON F L U I D  CONDUCTIVITY OF LUNAR SURFACE MATERIALS 

The o v e r a l l  o b j e c t i v e  of t h i s  i n v e s t i g a t i o n  i s  t o  develop a 

means of measuring t h e  permeabi l i ty  of l u n a r  s o i l s  and rocks i n  s i t u .  

It has  been proposed t o  design and test a s u r f a c e  probe t h a t  can 

measure p e r m e a b i l i t i e s  w i t h  reasonable  accuracy. Because of t h e  

l a c k  of any atmosphere on t h e  moon, i t  w i l l  be  necessary t o  u t i l i z e  

gas i n  ope ra t ing  t h e  probe. 

of gas  flow i n  porous media appropr i a t e  t o  t h e  su r face  probe has 

been developed. 

l una r  environment as w e l l  as on e a r t h .  

In t h e  c u r r e n t  y e a r q s  work, a theory 

The theory is  app l i cab le  t o  probe ope ra t ion  i n  t h e  

Due t o  t h e  h igh  vacuum i n  the  l u n a r  environment, t h e r e  e x i s t s  

a b a s i c  problem of determining t h e  dominant flow regime during probe 

opera t ion .  A s  t h e  average pore s i z e  and/or f l u i d  p re s su re  decrease ,  

t he  fundamental n a t u r e  of gas flow changes. The i n i t i a l  depa r tu re  

from viscous  flow is the  r e l a x a t i o n  of t h e  no s l i p  boundary condi- 

t i o n  on the  i n t e r s t i t i a l  su r f aces .  The r e s u l t i n g ,  agumented flow, 

whi le  s t i l l  v iscous  i n  na tu re ,  e x h i b i t s  a g r e a t e r  temperature  depen- 

dence than  previous ly .  A s  the  e f f e c t i v e  degree of r a r e f a c t i o n  in-  

creases f u r t h e r ,  t h e  continuum n a t u r e  of t he  f l u i d  breaks down, and 

t h e  flow must be modeled from a molecular p o i n t  of view. 

account must be taken of bo th  in te rmolecular  c o l l i s i o n s ,  and c o l l i -  

s i o n s  between molecules and the  i n t e r s t i t i a l  boundaries .  However, 

when a high degree of r a r e f a c t i o n  i s  achieved,  t h e  former become 

n e g l i g i b l e  due t o  t h e  relative s c a r c i t y  of f l u i d  molecules.  

It seems l i k e l y  t h a t  i n  t h e  immediate neighborhood of t h e  f l u i d  

source ,  t he  flow w i l l  be  v iscous  i n  na tu re ,  and, t hus ,  b a s i c a l l y  pre- 

d i c t a b l e  by cu r ren t  techniques.  However, t h e  n a t u r e  of t h e  evolu- 

t i o n  of  Knudsen flow, as the  d i s t ance  from t h e  source inc reases ,  i s  

extremely d i f f i c u l t  t o  fo re see  a t  t h i s  t i m e .  De ta i l ed  t h e o r i e s  f o r  

t r a n s i t i o n  flow, namely s o l u t i o n s  of t h e  Boltzmann equat ion ,  f o r  

even t h e  s imples t  geometries are q u i t e  scarce. A s  a r e s u l t ,  t h i s  

r e p o r t  in t roduces  t h e  concept of l o c a l  s i m i l a r i t y  i n  t r e a t i n g  the  

gas flow. This approach makes m a x i m u m  use of phys i ca l  i n t u i t i o n  about 

I n  genera l ,  
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the  flow f i e l d ,  and r e q u i r e s  experimental  c a l i b r a t i o n  of t h e  probe on 

a sample of known material. 

t i o n  of the  f l u i d  equat ions  of motion, and i t  i s  no t  con t r ad ic t ed  by 

what i s  considered t h e  b e s t  of t h e  r a t h e r  scarce work done previous ly  

on t r a n s i t i o n a l  f lows i n  porous media. 

It does n o t ,  however, r e q u i r e  a c t u a l  solu-  

The concept of l o c a l  s i m i l a r i t y  con ta ins  the  fol lowing b a s i c  

assumptions : 

(1) flow i s  s teady  

(2) flow is  independent of t h e  i n i t i a l  p re s su re  i n  t h e  porous 

medium 

(3) a s i n g l e  l eng th  c h a r a c t e r i z e s  the  f l u i d  conduct iv i ty  of 

t h e  porous medium 

( 4 )  flow is i so the rma l  

(5) t h e  porous medium is  i s o t r o p i c .  

I n  applying t h i s  concept ,  d a t a  from a l l  probe measurements, 

s u i t a b l y  p l o t t e d ,  f a l l  on the  same "universal"  curve. Probe ca l ib ra -  

t i o n  c o n s i s t s  of determining t h i s  curve. Once t h i s  i s  done, both the  

permeabi l i ty  and area f r a c t i o n  of an unknown material can be  determined 

from a s i n g l e  measurement opera t ion .  

f o r  c a l c u l a t i n g  these  q u a n t i t i e s  is  presented.  

A simple g raph ica l  procedure 

I n  a d d i t i o n ,  t h e  design of experiments aimed a t  developing a 

probe pro to type  is  d iscussed .  

under vacuum condi t ions  (10 

l u n a r  environment. 

A l l  such work i s  t o  be  c a r r i e d  out  

- lom8 t o r r )  i n  order  t o  s imula t e  t h e  -6 
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STUDIES RELATED TO BOREHOLE JACK PROBE AND TESTING 

Borehole t e s t i n g  on the  e a r t h  can d e f i n e  i n  s i t u  s t r e n g t h s  and 

d e f o r m a b i l i t i e s  and i t  i s  proposed t h a t  similar t e s t i n g  procedures 

be  developed f o r  t h e  moon. Upon thorough review of borehole  devices  

used f o r  i n  s i t u  de te rmina t ion  of mechanical p r o p e r t i e s  of s o i l s  and 

rocks ,  t he  a v a i l a b l e  mathematical  s o l u t i o n s  r e l e v a n t  t o  borehole  test- 

ing  w e r e  s tud ied .  I n  o r d e r  t o  measure rock  and s o i l  s t r e n g t h  i n  s i t u ,  

i t  w a s  proposed t o  induce f a i l u r e  i n  t h e  borehole  w a l l  by a borehole  

jack .  Unfortunately,  t h e r e  is  l i t t l e  information a v a i l a b l e  on t h e  

mechanisms of  f a i l u r e  a s s o c i a t e d  wi th  t h e  loading  cond i t ion  of t h e  

j a c k  p l a t e ,  as only deformabi l i ty  p r o p e r t i e s ,  and n o t  s t r e n g t h  pro- 

p e r t i e s ,  had h e r e t o f o r e  been measured, 

Two genera l  boundary va lue  problems w e r e  proposed f o r  p l a t e  

j a c k  loading a g a i n s t  t he  w a l l  of a borehole  i n  rock masses. One 

problem i s  based on uniform u n i d i r e c t i o n a l  r i g i d  p l a t e  displacement;  

t h i s  cons ide ra t ion  l eads  t o  t h e  condi t ion  of u n i d i r e c t i o n a l  con tac t  

p re s su re  v a r i a b l e  ac ross  the  width of t h e  bear ing  p l a t e .  The second 

problem i s  based on the  assumption t h a t  t h e  con tac t  shear  stress a t  

a p o i n t  i s  p ropor t iona l  t o  the  d i f f e r e n t i a l  c i r cumfe ren t i a l  d i sp lace-  

ment between t h e  bear ing  p l a t e  and the  w a l l ;  t h i s  cons idera t ion  i s  

compatible wi th  t h e  assumption of u n i d i r e c t i o n a l  displacement between 

the  bear ing  p l a t e  and the  w a l l  and i s  compatible wi th  t h e  assumption 

of u n i d i r e c t i o n a l  p r i n c i p a l  contac t  stress, v a r i a b l e  ac ross  t h e  width 

of t h e  bear ing  p l a t e s .  

The a n a l y t i c a l  s o l u t i o n s  t o  the  two problems proposed were ob- 

ta ined .  The stress d i s t r i b u t i o n s  under d i f f e r e n t  condi t ions  of j a c k  

loading and of d i f f e r e n t  i n  s i t u  stress f i e l d s  w e r e  found. Then t h e  

u l t i m a t e  loads and l o c a t i o n s  of t e n s i o n a l  f a i l u r e s  w e r e  ca l cu la t ed .  

These s o l u t i o n s  are p a r t i c u l a r l y  r e l e v a n t  t o  tests i n  rock. I n  addi- 

t i o n ,  t h e o r e t i c a l  cons idera t ions  on t h e  modes of f a i l u r e  of a bore- 

ho le  i n  a s o i l  mass subjec ted  t o  t h e  borehole  j a c k  loadings  w e r e  pre- 

sen ted  f o r  very  dense,  very  loose  and medium dense s o i l s .  
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Experimental  work w a s  a t tempted t o  c l a r i f y  the  a c t u a l  behavior  

of s o i l s  and rocks when sub jec t ed  t o  a u n i a x i a l  load  i n  a borehole .  

Previous -.rork had been devoted t o  t h e  p o s s i b i l i t y  of t he  determina- 

t i o n  of deformation c h a r a c t e r i s t i c s .  The p resen t  work extends t h e  

s t u d i e s  f o r  t he  de te rmina t ion  of shear ing  c h a r a c t e r i s t i c s .  Model 

s t u d i e s  were made a l s o  t o  v e r i f y  mathematical  s o l u t i o n s  i n  which 

f a i l u r e  by t e n s i l e  cracks and shea r ing  f a i l u r e  w a s  supposed. 

T e s t s  w e r e  conducted by loading  t h e  w a l l s  of boreholes ,  i n  

sl ices of vary ing  material, cons t ra ined  i n  p lane  s t r a i n  cond i t ions ,  

Four d i f f e r e n t  wid ths  of bear ing  p l a t e s  were used i n  t h i s  program. 

The borehole  tests showed t h a t  i n  b r i t t l e  material, t h e  predominant 

f a i l u r e  w a s  caused by cracking i n  a t ens ion  zone, whose l o c a t i o n  

agreed wi th  the  mathematical  s o l u t i o n s .  I n  p l a s t i c  material and i n  

s o i l s ,  w e  observed only i d d e n t a t i o n  (punching),  which f o r  our  range 

of displacement and load d i d  n o t  culminate i n  shear ing  f a i l u r e .  

A l a r g e  number of f a c t o r s  were v a r i e d  i n  an at tempt  t o  create 

shear ing  f a i l u r e .  However, n e i t h e r  peak load  behavior  nor a classi- 

cal  t h r u s t  of material from below the  bear ing  p l a t e s  were observed. 

Model bear ing  capac i ty  tests c a r r i e d  o u t  on the  same tes t  mater- 

ials and w i t h  the  same bear ing  p l a t e s  as used f o r  borehole  j a c k  

tests d id ,  i n  f a c t ,  d i sp l ay  shear ing  f a i l u r e .  However, h igh  d is -  

placements -- i n  some cases h igher  than the  maximum s t r o k e  of  t he  

p i s t o n  i n  t h e  borehole  j a c k  tests -- preceeded t h e  shear ing  f a i l u r e .  

Taking the  p o i n t  of view t h a t  t h e  shear ing  c h a r a c t e r i s t i c s  of 

t he  t e s t e d  material are involved i n  t h e  punching process ,  i t  i s  pos- 

s i b l e  t o  estimate t h e  shear ing  r e s i s t a n c e  from the  load corresponsing 

t o  a c e r t a i n  deformation. 

curves  w a s  made from t h e  borehole  jack test  r e s u l t s .  

Such a n  eva lua t ion  of load-displacement 

A proto type  borehole  j a c k  device,  which w i l l  enable  g r e a t e r  dis-  

placements w a s  proposed. It w i l l  be  c a l i b r a t e d  i n  a tank wi th  mater- 

ials of d i f f e r e n t  p r o p e r t i e s .  I n  these  tests, the  stress p a r a l l e l  t o  

the borehole  ax is  w i l l  be  con t ro l l ed  s imula t ing  t e s t i n g  a t  depth i n  a 

borehole  a 



24  

The t h e o r e t i c a l  r e s u l t s  exp la in  some of t h e  phenomena a s soc ia t ed  

wi th  t h e  f a i l u r e s  observed i n  t h e  experimental  work. C e r t a i n  assump- 

t i o n s  based on t h e  known behavior  of non-ideal ly  e las t ic  materials 

h e l p  t o  e x p l a i n  f a i r l y  w e l l  t he  remaining phenomena observed wi th  t h e  

rock- l ike  materials. 

In s o i l s  t h a t  can s t a n d  wi thout  casing i n  a borehole ,  t h e  experi-  

mental  work demonstrated t h e  f e a s i b i l i t y  of determining s t r e n g t h  para- 

meters from borehole  tests b u t  l e f t  t h e  f i n a l  i n t e r p r e t a t i o n  key t o  

await a c a l i b r a t i o n  program wi th  t h e  pro to type  hardware. 
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RECOMMENDATIONS 

The fo l lowing  recommendations are made r e l a t i v e  t o  the  solu- 

t i o n  of c r i t i c a l  problems r e l a t e d  t o  t h e  behavior  of l una r  s u r f a c e  

materials and t h e i r  e f f e c t s  on t h e  s c i e n t i f i c  explora t ion  and develop- 

ment of t he  moon. They are l i s t e d  i n  t h e  same sequence as t h e  summary 

of s t u d i e s  i n  t h e  preceding s e c t i o n .  

1. Good measurements of in-place dens i ty  of lunar s u r f a c e  s o i l  

and the  th ickness  of t h e  s o i l  l a y e r  should be made during 

e a r l y  Apollo missions i f  poss ib l e .  The r e s u l t s  of l u n a r  s o i l  

s imula t ions  i n d i c a t e  t h a t  most s o i l  p r o p e r t i e s  of i n t e r e s t  may 

be  es t imated  through c o r r e l a t i o n  w i t h  dens i ty .  It appears  that 

the  most promising method f o r  d e n s i t y  de te rmina t ion  may be t h e  

excavat ion of an  undis turbed b lock  of l u n a r  s o i l ,  as descr ibed  

i n  the  Geotechnical  I n v e s t i g a t i o n s  Sec t ion  of t h e  D e f i n i t i v e  

Experiment P lan  f o r  t h e  Apollo Lunar F ie ld  Geology Experiment. 

I f  a t tempts  t o  measure t h e  in-place d e n s i t y  of t he  l u n a r  sur-  

f a c e  materials are s u c c e s s f u l ,  t h e  d e n s i t y ,  and t h e  s o i l  l a y e r  

th ickness  should b e  c o r r e l a t e d  w i t h  a s t r o n a u t  f o o t p r i n t  depth 

and p e n e t r a t i o n  test r e s u l t s .  This c o r r e l a t i o n  should b e  used 

t o  check and modify, i f  necessary ,  t h e  r e l a t i o n s h i p  between 

dens i ty  and depth of f o o t p r i n t  p resented  i n  F igure  2, 

a t tempts  t o  measure in-place d e n s i t y  are unsuccessfu l ,  a rela- 

t ionsh ip  of t h i s  type  presented  i n  Figure 2 may be  used as an  

i n d i c a t o r  of l u n a r  s o i l  dens i ty .  

2. 

I f  

3.  Pene t r a t ion  r e s i s t a n c e  tests should be  performed during e a r l y  

Apollo missions.  Measurement of t h e  p e n e t r a t i o n  r e s i s t a n c e ,  

i n  terms of t he  s l o p e  of t h e  s t r e s s -pene t r a t ion  curve,  G,  serves 

at  least t h r e e  purposes,  F i r s t ,  t h e  measured G va lues  may be  

used t o  estimate s o i l  dens i ty  and o t h e r  important p r o p e r t i e s  

through c o r r e l a t i o n s .  Second, t h e  penetrometer serves as a 

probe i n  determining t h e  homogeneity of t h e  s o i l  p r o f i l e .  

TkaJi~Ca, the  G va lues  obta ined  may be used i n  design of l u n a r  

roving v e h i c l e s ,  
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4 .  I f  p o s s i b l e ,  t h e  G va lues  should be  measured using a WES cone 

penetrometer,  

t r o n e t e r  are c u r r e n t l y  being made. Of course G va lues  may be  

obta ined  wi th  o t h e r  penetrometers and t h e  G va lue  which would 

have been obta ined  wi th  t h e  WES cone can be es t imated  through 

c o r r e l a t i o n s ;  however, some accuracy i s  l o s t  i n  using an i n t e r -  

mediate c o r r e l a t i o n  * 

s i n c e  v e h i c l e  design s t u d i e s  us ing  t h i s  pene- 

5. A s tandard  procedure ( e s p e c i a l l y  wi th  r e spec t  t o  the re la t ive 

p o s i t i o n  of t he  man's f e e t  and t h e  penetrometer) f o r  per for -  

mance of p e n e t r a t i o n  r e s i s t a n c e  tests should be  adopted and 

publ ic ized .  Our s t u d i e s  i n d i c a t e  t h a t  placement of t h e  pene- 

t rometer  about  4 i n .  i n  f r o n t  of t he  t o e s  (centered)  w i th  

about 10 i n .  between the  f e e t  may be  t h e  b e s t  arrangement. 

With t h i s  arrangement t h e  G va lue  f o r  t h e  f i r s t  5 o r  6 i n .  

of p e n e t r a t i o n  wi l l . p robab ly  no t  be s i g n i f i c a n t l y  a f f e c t e d  

by the  presence of  t h e  man's f e e t .  

formed i n  t h e  terrestrial  environment, t he  rate of p e n e t r a t i o n  

Secondly, f o r  tests per, 

must be s u f f i c i e n t l y  low t o  al low d i s s i p a t i o n  of pore a i r  

p re s su res .  

Addi t iona l  l abora to ry  and model tests on the  luna r  s o i l  simu- 

l a n t  should be  conducted t o  expand and v e r i f y  t h e  c o r r e l a t i o n s  

developed thus  fa r ,  

determinat ion of s t r e s s - s t r a i n  parameters appropr ia te  f o r  very 

low d e n s i t i e s  and very  low confining pressures .  Also a t  least 

one a d d i t i o n a l  l una r  s o i l  s imulant  w i th  somewhat d i f f e r e n t  

g rada t ion  should be  s tud ied  t o  f u r t h e r  explore  the  in f luence  

of g rada t ion  on o t h e r  p r o p e r t i e s .  

t h a t  found from samples taken during Apollo l l w o u l d  be  of t he  

most i n t e r e s t ,  Pene t r a t ion  tests under condi t ions  of reduced 

g r a v i t y  should be s imulated by using s o i l  l a y e r s  submerged i n  

va r ious  heavy l i q u i d s  

Theore t i ca l  ana lyses  using the  f in i te -e lement  approach should 

be performed i n  an e f f o r t  t o  assess the  in f luence  of reduced 

g r a v i t y  on deformations.  These ana lyses ,  including both  plane- 

s t r a i n  and axisymmetric loading  condi t ions ,  should be co r re l a t ed  

wi th  corresponding model test r e s u l t s .  

6 .  

Spec ia l  a t t e n t i o n  should b e  given t o  t h e  

A grada t ion  matching exac t ly  

7. 

\* 
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8.  T r a f f i c a b i l i t y  ana lyses  based on t h e  "Soi l  Value System" of 

a n a l y s i s  g ive  some i n d i c a t i o n  of t h e  p o s s i b l e  behavior  of 

v e h i c l e s  on t h e  l u n a r  su r face .  However, they were intended 

mainly t o  develop a feel  f o r  t h e  relative importance of s o i l  

condi t ions  on wheel performance. 

needed concerning t h e  a c t u a l  i n f luences  of wheel load ,  wheel 

s i z e ,  wheel s l i p ,  s o i l  cond i t ions ,  and s l o p e  i n c l i n a t i o n  on 

performance. 

by the  Mobil i ty  Branch of t h e  U.S. Army Engineering Waterways 

Experiment S t a t i o n  should provide t e n t a t i v e  answers t o  many 

of t h e s e  ques t ions .  Determination of t h e  s o i l  cons t an t s  t o  

be employed i n  the  "So i l  Value System" method of a n a l y s i s  

can no t  r e a d i l y  be made during Apollo miss ions .  On t h e  o the r  

hand, simple tests such as the  cone p e n e t r a t i o n  test  can be  

e a s i l y  conducted. Thus every e f f o r t  must be made t o  de te r -  

mine whether t h e  s i m i l i t u d e  method can be  extended t o  l u n a r  

condi t ions  and the  t rea tment  of s p e c i a l  wheel types l i k e l y  t o  

be  a s s o c i a t e d  wi th  l u n a r  roving v e h i c l e s  

Solu t ion  of t h e  wheel-soil  i n t e r a c t i o n  problem fol lowing a 

procedure such as t h a t  suggested i n  our  De ta i l ed  F i n a l  Report ,  

Sec t ion  2-IV, w i l l  be  d i f f i c u l t  and w i l l  involve  f u l l  scale 

tests of wheels under a v a r i e t y  of condi t ions  b u t  should be  

undertaken nonethe less ,  Such a program is  beyond the  capabi- 

l i t i e s  of our  group, b u t  should be  encouraged elsewhere.  Our 

s t u d i e s  of l u n a r  r o l l i n g  boulders  are r e l e v a n t  t o  t h i s  e f f o r t  

and t h e  t h e o r e t i c a l  ana lyses  t o  b e  made, as w e l l  as t h e  test 

r e s u l t s  t o  be  obtained during t h e  summer of 1969 should pro- 

v ide  va luab le  information.  

A s  much information as poss ib l e  m u s t  be  obtained dur ing  e a r l y  

Apollo missions concerning t h e  s t ress-deformation and s t r e n g t h  

c h a r a c t e r i s t i c s  of l una r  s u r f a c e  s o i l s ,  It is recognized t h a t  

most d a t a  w i l l  no t  be i n  a form s u i t a b l e  f o r  d i r e c t  i n s e r t i o n  

i n t o  t r a f f i c a b f l i t y  equat ions;  however, t hese  d a t a  i n  conjunc- 

t i o n  wi th  tes t  r e s u l t s  ob ta ined  on s imulated l u n a r  s o i l  should 

make t h e  d e r i v a t i o n  of reasonable  va lues  f o r  u se  i n  such ana lyses  

poss ib l e .  

More d e t a i l e d  information i s  

The experimental  i n v e s t i g a t i o n s  now underway 

9. 

10.  
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11. The fol lowing s t u d i e s  r e l a t e d  t o  l u n a r  v e h i c l e  t r a f f i c a b i l i t y  

are d e s i r a b l e  

A. Evaluat ion of t h e  s t r e n g t h  and s t ress-deformation 

c h a r a c t e r i s t i c s  of a c t u a l  and s imula ted  l u n a r  s o i l s  

and t h e i r  s i g n i f i c a n c e  i n  eva lua t ing  luna r  roving 

v e h i c l e  t r a f f i c a b i l i t y .  

B. Stud ies  of g r a v i t y  e f f e c t s  on luna r  s o i l  behavior  and 

on the  s l o p e  climbing a b i l i t y  of l u n a r  veh ic l e s .  

C. Lunar s l o p e  s t a b i l i t y  ana lyses .  

D. Development and t e s t i n g  of a cone penetrometer f o r  

ga ther ing  luna r  s o i l  d a t a  app l i cab le  t o  a t r a f f i c a b i l i t y  

a n a l y s i s  

Evaluat ion of o the r  devices  proposed f o r  a c q u i s i t i o n  

of l u n a r  s o i l  da ta .  

E. 

F. Theore t i ca l  and experimental  s tudy of the  i n t e r a c t i o n  

between r o l l i n g  spheres  and s o i l  and extension of t h e  

f ind ings  t o  the  assessment of probable  wheel-soi l  i n t e r -  

a c t i o n  mechanisms. 

12. The encouraging r e s u l t s  of t h e  engineer ing performance tests on 

s t a b i l i z e d  s o i l  cy l inde r s  and t h e  success fu l  formation of ure- 

thane foamed p l a s t i c  i n  vacuo sugges t  t h a t  t he  p o t e n t i a l  l una r  

engineer ing a p p l i c a t i o n s  of urethane foamed p l a s t i c s  might be- 

come reali t ies e However the  techniques developed t o  t h i s  

po in t  f a l l  s h o r t  of those t h a t  w i l l  b e  necessary f o r  f u l l - s c a l e  

l u n a r  a p p l i c a t i o n ,  Among many proposals  t o  be considered f o r  

f u r t h e r  work i n  the research  program, t h e  fol lowing emerge as 

t h e  most c r i t i c a l :  

A .  The continued development of foamed p l a s t i c  chemical systems 

f o r  use i n  vacuo. 

B. Study of the  e f f e c t  of extreme temperature condi t ions  on 

the  foamiug process  and t h e  subsequent development of 

chemical systems t o  ope ra t e  e f f e c t i v e l y  under t h e s e  condi- 

t i o n s  

C. Study of t h e  r e l a t i o n s h i p  of t he  p r o p e r t i e s  of s t a b i l i z e d  

s o i l  cy l inde r s  t o  those of s t a b i l i z e d  s o i l  depos i t s  as 

s imulated by l a r g e r  scale tests. 



D. Combining t h e  r e s u l t s  of the  r e sea rch  on ( A ) ,  ( B ) ,  and (C) 

f o r  s t a b i l i z a t i o n  of a s imula ted  l u n a r  s o i l  d e p o s i t  under 

s imula ted  l u n a r  environmental  cond i t ions .  

13. Concurrent w i th  t h e  above r e sea rch  i t  would be d e s i r a b l e ,  al- 

though secondary i n  importance, t o  i n v e s t i g a t e  t h e  following: 

A. C h a r a c t e r i s t i c s  of s t a b i l i z e d  s o i l  t h a t  might be achieved 

by mixing a chemical foamed p l a s t i c  system d i r e c t l y  wi th  

s o i l  

The use of foamed p l a s t i c  f o r  p r o t e c t i o n  and p rese rva t ion  

of l u n a r  s u r f a c e  material samples f o r  ea r th - r e tu rn  opera- 

t ions  . 

B. 

14.  I f  t h e  a c t u a l  l u n a r  s o i l  proves t o  be as impervious as t h e  

s imula ted  s o i l ,  i n j e c t i o n  g rou t ing  w i l l  n o t  be  a s u i t a b l e  means 

f o r  s t a b i l i z a t i o n ,  a l though d i r e c t  mixing wi th  foamed p l a s t i c s  

might be. I n j e c t i o n  of j o i n t e d  rock masses and rubble  may 

st i l l  be d e s i r a b l e  o b j e c t i v e s .  

of faams t o  t h e  w a l l s  of c a v i t i e s  o r  s t r u c t u r e s  may be  u s e f u l  

f o r  s e a l i n g  and i n s u l a t i n g  purposes. Because of t h e  versati- 

l i t y  and a d a p t a b i l i t y  of t h e s e  materials f o r  such purposes 

continued s e r i o u s  s tudy is recommended i n  conjunct ion wi th  

planning f o r  extended l u n a r  exp lo ra t ion  and f u t u r e  development 

of the  moon. 

Furthermore d i r e c t  a p p l i c a t i o n  

15,  It is recommended t h a t  t h e  boulder  t r a c k  a n a l y s i s  be f u r t h e r  

s t u d i e d  t o  r e f i n e  t h e  method and t o  accumulate more d a t a  on luna r  

su r face  materials. Development of a b e t t e r  theory based on a 

more rea l i s t ic  f a i l u r e  mechanism f o r  t h e  r o l l i n g  sphere-s lope 

i n t e r a c t i o n  problem is  needed. It is planned t o  i n v e s t i g a t e  t h e  

a c t u a l  f a i l u r e  mechanism involved i n  t h e  formation of a t r a c k  by 
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a r o l l i n g  boulder .  

be v a l u a b l e  n o t  only because of i t s  re levance  t o  the  a n a l y s i s  

of l u n a r  boulder  t r a c k s ,  b u t  a l s o  because of t h e  i n s i g h t  i t  

may provide  i n t o  soi l -wheel  i n t e r a c t i o n ,  a problem of g r e a t  

importance i n  connection wi th  l u n a r  roving v e h i c l e s .  

It  is  recommended t h a t  dynamic ana lyses  of l u n a r  s l o p e  f a i l u r e s  

be d iscont inued  f o r  t h e  p re sen t .  S t a t i c  ana lyses  based on d a t a  

acqui red  dur ing  Apollo miss ions  w i l l ,  however, be of extreme 

va lue  i f  t h e  s t a b i l i t y  of d i f f e r e n t  areas is  t o  be a s ses sed ,  

and hazards  r e l a t e d  t o  t h e  ope ra t ion  of roving v e h i c l e s  and 

a s t r o n a u t s  on s lopes  are t o  be  es t imated .  Dynamic s t u d i e s  

may be p r a c t i c a l  a t  a later t i m e  a f t e r  s u i t a b l e  d a t a  are re- 

turned from Apollo seismometers. 

It is recommended t h a t  s t u d i e s  on t h e  theory of t h e  flow of 

gases through porous media under l u n a r  environmental condi t ions  

be extended and t h a t  a permeabi l i ty  probe t h a t  can ope ra t e  

under l u n a r  condi t ions  be designed, cons t ruc ted ,  and t e s t e d .  

It is recommended t h a t  a working model of a borehole  probe, 

capable of measuring the  deformabi l i ty  and c r i t i c a l  stress de- 

formation va lues  of  l u n a r  s o i l s  and rocks under q u a s i - s t a t i c  

loading ,  be designed,  cons t ruc t ed ,  and t e s t e d  i n  t h e  labora-  

t o ry  and the  f i e l d .  Parallel  w i t h  t h e  development of t h i s  

ins t rument ,  t h e o r e t i c a l  and experimental  s t u d i e s  p r e s e n t l y  

underway should be continued toward developing a n a l y t i c a l  

techniques f o r  the  quick handl ing,  processing and eva lua t ion  

of r e t u r n  da t a  obtained from t h e  probe. 

A r a t i o n a l  s o l u t i o n  t o  t h i s  problem w i l l  

16. 

1 7 .  

18. 


